Abstract. Trophoblast glycoprotein (TPBG), a 72 kDa glycoprotein was identified using a monoclonal antibody, which specifically binds human trophoblast. The expression of TPBG in normal tissues is limited; however, it is upregulated in numerous types of cancer. When TPBG is expressed at a high level, this usually indicates a poor clinical outcome. In the present study, it was demonstrated that TPBG was more commonly observed in human pancreatic ductal adenocarcinoma (PDAC) compared with normal pancreatic tissue. Immunohistochemical analysis of PDAC tissue microarrays indicated that the expression of TPBG in PDAC tissues was closely correlated with the tumor-node-metastasis stage of the tumor. Silencing of TPBG in PDAC cell lines resulted in a decreased ability of cancer cell migration and invasion. Further investigation demonstrated that the Wnt/planar cell polarity signaling pathway was suppressed, as the expression of Wnt5a and the activation of c-Jun N-terminal kinase was inhibited following TPBG knockdown. In conclusion, the present study provided evidence that TPBG is involved in PDAC metastasis, and that TPBG and its associated signaling pathways may be a suitable target for PDAC therapy.
Introduction
Pancreatic ductal adenocarcinoma (PDAC), usually referred to as pancreatic cancer, is a highly aggressive malignant tumor. It is the fourth leading cause of cancer-associated mortality with an estimated 37,390 fatalities in the USA and 227,000 fatalities globally per year (1) . Patients with PDAC usually present with locally advanced, unresectable or metastatic disease and the majority of patients suffer significant pain (2) . Despite the developments in the detection and management of PDAC, the five-year relative survival rate has not changed (3) . Thus, further investigation into this malignant tumor is required.
Trophoblast glycoprotein (TPBG), also termed 5T4, is a 72 kDa transmembrane glycoprotein and an extensively investigated oncofetal antigen, which is limited in normal adult tissues, but highly expressed in various types of cancer in humans (4, 5) . This expression pattern renders it an attractive target for cancer therapy (6) . Southall et al (5) observed that TPBG is highly expressed in tumor tissues, including carcinomas of the bladder, breast, ovaries, pancreas and stomach, as elucidated using immunohistochemical analysis, and was closely associated with poor clinical outcome in colorectal, ovarian and gastric cancer (7) (8) (9) . The authors further demonstrated that TPBG not only disrupts cell-cell contacts and induces cellular motility in epithelial cells (10) , but also interacts with GAIP-interacting protein C terminus 1, which has implications for tumor metastasis (11) .
However, the roles of TPBG in PDAC progression remain to be elucidated. The present study aimed to explore the cellular functions of TPBG in PDAC, and to investigate the associated mechanisms.
Materials and methods
Immunohistochemical staining. The PDAC tissue microarray (OD-CT-DgPan01-006), which contains 81 PDAC tissues, 44 normal pancreatic tissues and 32 chronic pancreatitis tissues was purchased from Shanghai Outdo Biotech Co., Ltd. (Shanghai, China). The immunohistochemical staining was performed as previously described (12 5 ) were seeded into 12-well plates and infected with lentivirus in the presence of 6 µg/ml polybrene (Sigma-Aldrich) on the following day. The infected PANC-1 and BxPC-3 cells were then selected with medium containing 2 µg/ml puromycin (Sangon Biotech) for 7 days. The puromycin resistant cells were considered to be cells that had undergone stable knockdown of TPBG as verified using reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blot analysis.
RT-qPCR. Total RNA was extracted using TRIzol reagent (Takara Bio Inc., Otsu, Japan) and reverse transcribed using the PrimeScript RT-PCR kit (Takara Bio Inc.) according to the manufacturer's instructions. RT-qPCR analysis was performed using SYBR Premix Ex Taq (Takara Bio Inc.) with the ViiA 7 Real-time PCR system (Applied Biosystems, Foster City, CA, USA), with the following program: 95˚C for 30 sec, followed by 40 cycles at 95˚C for 5 sec and 60˚C for 31 sec, and finally 95˚C for 15 sec, 60˚C for 1 min an d 95˚C for 15 sec. The primer sequences for TPBG and 18S RNA in the present study were as follows: forward: 5'-TGGGTATTGTTTTAGCCCTGAT-3' and reverse: 5'-GTTGTCCTTGGTCTGTCCTCTA-3' for TPBG, and forward: 5'-TGCGAGTACTCAACACCAACA-3' and reverse: 5'-GCATATCTTCGGCCCACA-3' for 18S RNA. The relative expression of TPBG was calculated using the 2 -ΔΔCT method with 18S RNA as the reference gene. LI-COR) to probe the primary antibodies while signals were detected using the Odyssey infrared imaging system (LI-COR) as described previously (13) .
In vitro cell migration and invasion assays. Transwell migration and invasion assays were performed. For the cell migration assay, 4x10 4 cells were seeded into the upper compartment of the Transwell inserts (Millipore, Billerica, MA, USA) and the lower compartment was supplemented with 700 µl conditioned medium containing 5% FBS (v/v). The cells remaining in the top chambers or on the upper membrane of the inserts were carefully removed after incubation for 10 h. The cells that migrated to the lower membrane of the inserts were fixed with 2% glutaraldehyde and stained with 0.1% crystal violet (Beyotime Institute of Biotechnology). Subsequently, migrated cells were counted by capturing images of six randomly selected fields through an IX71 inverted microscope (Olympus Corp., Tokyo, Japan). A cell invasion assay was performed by adding 100 µl Matrigel (BD Biosciences, Mountain View, CA, USA) into the top chamber of the Transwell inserts and placing 4x10 4 primary cells onto the Matrigel. The cell invasion assay was allowed to continue for 14-20 h and was then terminated and treated according to the cell migration assay described above.
Luciferase reporter assay. Cells were seeded into the 96-well plates and transfected with a mixture of 100 ng ATF2 plasmid (Wnt/PCP signaling) and 10 ng Renilla plasmid according to the manufacturer's instructions of the Lipofectamine 2000 transfection system. After 48 h of incubation, firefly and Renilla luciferase activity of cell lysates was measured using the dual-luciferase reporter assay system (Promega Corporation, Madison, WI, USA).
Statistical analysis. Data are expressed as the mean ± standard deviation. The correlation between TPBG expression and the clinicopathological parameters was evaluated using the χ 2 test. Student's t-test was used for comparisons between groups. P<0.05 was considered to indicate a statistically significant difference.
Results

TPBG is highly expressed in PDAC tissues and cell lines.
To observe the change in expression occurring in PDAC, the expression of TPBG was initially identified in a tissue microarray, which contained 81 cases of PDAC. Through immunohistochemical staining, it was revealed that TPBG is highly expressed in cancer tissues compared with the normal pancreatic tissues (Fig. 1) . In addition, a high expression of TPBG was closely correlated with tumor-node-metastasis (TNM) stage and the age of the patient (Table I ). In addition, the expression of TPBG was detected in the hTERT-HPNE normal pancreatic duct cell line and the PANC-1 and BxPC-3 PDAC cell lines. The expression of TPBG was detected at extremely low levels in hTERT-HPNE, while it was highly expressed in the PANC-1 and BxPC-3 cell lines (Fig. 1B) .
Expression of TPBG in BxPC-3 and PANC-1 cell lines is significantly decreased following stable silencing.
To further investigate the role of TPBG in PDAC carcinogenesis and progression, the BxPC-3 and PANC-1 PDAC cell lines were selected, which highly expressed TPBG, to construct cell lines exhibiting stable knockdown of TPBG. The silencing of TPBG by two shRNAs (sh-1 and sh-2) in the BxPC-3 and PANC-1 cells resulted in significant decreases in the expression of TPBG (Fig. 2) .
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Silencing of TPBG inhibits PDAC cell migration and invasion.
Given that TPBG is a gene that is associated with cell motility, a Transwell assay was performed. In the migration assay, it was observed that the motility of the cells was notably decreased following TPBG knockdown (Fig. 3A) . In addition, to examine whether TPBG has an affect on the invasive ability of the cells, a cell invasion assay was performed and it was identified that number of cells that invaded through the membrane was also decreased significantly following silencing of TPBG (Fig. 3B) .
Wnt/PCP pathway is suppressed following silencing of TPBG.
To further investigate the underlying mechanism involved in cell migration and invasion in PDAC, Wnt/PCP signaling was examined, which has been observed to promote cell migration in cancer metastasis (14) . Using a luciferase reporter assay, it was identified that Wnt/PCP signaling was inhibited in the cells subjected to TPBG knockdown compared with the control cells (Fig. 4A) . Collectively, the present results suggested that TPBG may affect cell migration and invasion through the Wnt/PCP signaling pathway. To further confirm these results, several molecules associated with the Wnt/PCP pathway were investigated. It was identified that the expression of Wnt5a, an extensively investigated Wnt ligand of the Wnt/PCP pathway (15, 16) was inhibited (Fig. 4B) . The activation of JNK, a downstream molecule of the Wnt/PCP pathway, was also reduced markedly (Fig. 4B) . Thus, the present data indicated that TPBG may affect cell migration and invasion through the Wnt/PCP pathway.
Discussion
In the present study, the aberrant expression of TPBG in PDAC was described and the potential effect of highly expressed TPBG in PDAC cell lines was investigated. In previous studies, immunohistochemical analysis has revealed that TPBG is overexpressed in numerous types of cancer (5) . In addition, the expression of TPBG usually indicates a poor prognosis, with TPBG expression correlating with the likelihood of cancer metastasis (7) (8) (9) 17) . Consistent with these observations, the present results provide evidence that TPBG may be a critical factor that facilitates PDAC progression and metastasis. In the present study, immunohistochemical analysis of a PDAC tissue microarray revealed that TPBG is closely associated with the TNM stage of the tumor. The cell migration and invasion abilities were significantly decreased following TPBG knockdown. TPBG expression is, therefore, correlated with the aggressiveness of PDAC, including the metastatic properties of the malignancy. However, how TPBG regulates PDAC cell migration remains to be fully elucidated. The Wnt/PCP signaling pathway has been revealed to be involved in cell movement through the activation of the RhoA, JNK and nemo-like kinase signaling cascades (18) . In addition, accumulating evidence has suggested that Wnt/PCP signaling is closely associated with tumors and has diverse roles in tumorigenesis (18, 19) . Previous studies have demonstrated that TPBG activates the Wnt/PCP pathways by modifying the subcellular localization of low density lipoprotein receptor-related protein 6 during Zebrafish development (20) . These findings imply that TPBG may affect Wnt/PCP signaling in PDAC, thus the correlation between TPBG and Wnt/PCP signaling was further investigated.
It was identified that Wnt/PCP signaling was inhibited significantly in the PDAC cell lines following TPBG knockdown via a luciferase reporter assay. Numerous studies have suggested that Wnt5a, a typical noncanonical Wnt ligand, promotes the metastasis of melanoma, gastric cancer and breast cancer by activating the Rac and JNK signaling pathways (14, 21, 22) . The expression of Wnt5a, Ror2 (a receptor for Wnt5a) (23) and a change in phospho-JNK were also detected and it was observed that the expression of Wnt5a and the activation of phospho-JNK were decreased markedly in the cell lines in which TPBG expression was silenced. Collectively, the present results demonstrated that TPBG promotes cancer metastasis partly through Wnt/PCP signaling. However, numerous factors remain to be elucidated, including how TPBG regulates the expression of Wnt5a and how TPBG affects the downstream molecules of the Wnt/PCP pathway.
In conclusion, the present study demonstrated that TPBG expression is upregulated in human PDAC tissues and the highly expressed TPBG may regulate the Wnt/PCP signaling to enhance the abilities of cancer cell migration and invasion. The findings of the present study indicate that the distinctive expression pattern of TPBG may render it a suitable target for the treatment of PDAC.
